The aim of this work was to analyse the spatial dynamics of a noble crayfish population inhabiting the Velika Paklenica Stream (Paklenica National Park, Croatia). The study was conducted in July 2000, and between March and September 2002. Crayfish were trapped by baited LiNi traps and hand-made traps at two localities over 25 nights. We recorded the precise position of the captured crayfish, their sex, and total length. Crayfish were individually marked and then released back into the stream at the same spot where they were caught. Spatial analyses included determination of movement direction, distribution type, home range, total distance travelled, and mean daily movement. A mean home range of approximately 19 m was calculated. No difference in home range between the sexes was found. There was a large individual variation in the extent of movement without any effect of sex or size.
INTRODUCTION
Information about animal movement and activity contributes to the understanding of their habitat requirements, patterns of resource utilisation and interspecific interactions (Sutherland, 1996) . Activity pattern, home range and spatial behaviour, along with population densities and size structure, are good indicators of population viability and persistence (Acosta and Perry, 2001) , and are particularly important when considering the effects of habitat disturbances. Our research was focused on the spatial dynamics of the noble crayfish (Astacus astacus (Linnaeus, 1758) ). The noble crayfish is one of the four native European crayfish species inhabiting Croatian freshwater habitats, and it is protected by Croatian Law (Narodne Novine, 70/05; Narodne Novine, 7/06). It is naturally distributed in rivers belonging to the Black Sea Basin, forming both river and lake populations. It also occurs in the Adriatic Sea Basin, where its presence is of anthropogenic origin (Maguire and Gottstein-Mato ec, 2004) . Although the ecology of the noble crayfish and other crayfish species is relatively well studied, up until the last few decades insufficient attention has been given to spatial dynamics of crayfish species in their natural habitat. The literature provides a few reports on the spatiotemporal activity of the native European species, such as the white-clawed crayfish (Gherardi et al., 1998; Acquistapace and Gherardi, 1999; Barbaresi et al., 1999) . In recent years, a significant amount of research has been conducted in relation to movement patterns of invasive crayfish species in Europe 2002; Barbaresi et al., 2004; Aquiloni et al., 2005; Barbaresi and Gherardi, 2006; Bubb et al., 2004; 2006a) and differences in spatial behaviour between invasive and native species (Bubb et al., 2006b) . Only a few authors have described movement patterns of small samples of Astacus astacus in natural habitats (Bohl, 1999; Schütze et al., 1999) , using radio telemetry. The aim of our research was to describe noble crayfish movement and distribution using a standard capture-mark-recapture technique, and give a comparative set of data on the spatial dynamics of this species in its natural habitat.
MATERIAL AND METHODS

> STUDY SITES
Velika Paklenica Stream is situated in the Paklenica National Park, on the southern slopes of the Velebit Mountain (Figure 1 ). The source of this karstic stream is located 1200 m above sea level. The stream is characterised as a periodical torrent watercourse with a total stream length of 14 km; the lower part usually dries out during the summer months. It partly runs through a deciduous forest, dominated by hornbeam (Carpinus betulus) and Downy oak (Quercus pubescens) forest. The highest flow of 4.45 m³/s was recorded in February, while the lowest one, of 0.006 m³/s, was in November (Bo i evi , 1999). The substrate consists mostly of rocks, but there are sand and pebbles in the middle and lower parts, and in places with a slower current. For our study we chose two localities -Ani a luka, at 270 m above sea level and Hrast, at 320 m above sea level. Hrast is characterised by relatively shallow sections intercepted with pools of greater depth, while Ani a luka has less fluctuation in depth and current velocity. The latter site had fully dried out in August and partially in September 2002, while Hrast, positioned in the upper part of the stream, did not dry out.
> CAPTURE AND MARKING
Crayfish were trapped using baited LiNi traps (Westman et al.,1978) and hand-made traps (Maguire, 2002) We recorded the precise position of the captured crayfish, their sex and total length -TL (using a Vernier calliper). They were individually marked according to Guan (1997) by piercing a hole in the telson and/or in the uropods. Codes provide identification of each marked individual -by different combinations of piercing positions on the uropods/telson more than 10 800 codes can be obtained, which makes this method particularly useful for large sample size analysis. Codes can be observed through several moults (two to three). Then, crayfish were released back into the stream, at the same spot where they were captured.
> DATA ANALYSES
Specimens captured by LiNi traps were considered in spatial analyses. As the LiNi traps (mesh size 14 mm) used are size-selective (Hogger, 1988) , animals captured by them were longer than 5 cm TL, and could be easily marked and therefore be relevant for the abovementioned analyses. On the contrary, the crayfish captured by hand-made traps were smaller (< 5 cm TL) and difficult to mark because of their small size. Analyses included determination of movement direction (upstream, downstream) , distribution type, home range, total distance travelled and mean daily movement. Distribution type was calculated using a coefficient of dispersion (Variance-to-Mean-Ratio), Morisita's index of dispersion and the standardised Morisita's index of dispersion (Krebs, 1989) . Prior to applying the dispersion coefficient (CD), a χ² test was used to analyse whether the distribution differed from theoretical (Poisson) distribution. We examined pooled data from both localities collected in research periods of 6 and 4 nights, and data from each locality separately for the period of 4 nights. The coefficient of dispersion shows the ratio of mean number of individuals per sampling unit (e.g. trap) and variance of observed distribution frequencies per sampling unit (CD = s²/ ). This classification can be used only when a ratio is statistically significant (Pielou, 1977;  according to Okubo and Levin, 2001 ). The coefficient of dispersion is based on the observation that in a random pattern, described by Poisson distribution, the variance is equal to the mean. Therefore, the dispersion coefficient is 1. If the dispersion coefficient is larger than 1, distribution is aggregated/grouped, and if it is smaller than 1, distribution is regular or uniform. The dispersion coefficient is affected by sample size, although Myers (1978) (according to Krebs (1989) ) demonstrated that the variance-to-mean ratio was only weakly affected by population density and is a good measurement of dispersion. Morisita's index of dispersion, summarised by Krebs (1989) , is based on quadrat countscounts of the number of individuals recorded in the n quadrats of defined size and shape (e.g. LiNi trap). The standardised Morisita's index is an improved Morisita's index, independent of population density and sample size. For this coefficient random distribution equals 0 and aggregated distribution is over 0, while regular/uniform distribution is below 0. Home range was measured as the maximum distance (the furthest trap that the animal was caught in) from the initial trap. The initial trap was defined as the trap in which a certain crayfish was caught at least twice during the research period. Therefore, only individuals caught at least twice in the initial trap, and at least once in another trap, were used in home range analyses. The mean value of home range was multiplied by the average stream width in order to calculate the average surface area used by a crayfish.
Crayfish movement was calculated under the assumption that animals were moving linearly, therefore passing the minimal possible distance between traps. The sum of all minimal distances covered by a given crayfish during the research period is defined as the total distance travelled. Mean daily movement of a given marked crayfish was calculated as the distance between the first and the last capture (total distance travelled) divided by the number of days between these events for marked crayfish (Robinson et al., 2000) . Statistical analyses were performed using the program STATISTICA 5.0. Student's t-tests and Pearson's correlation were used when data were distributed normally or in analyses where the sample size was larger than 90. Otherwise, nonparametric statistical tests (MannWhitney U test and Spearman's Rank correlation test) were applied.
RESULTS
A total of 1144 crayfish was captured (Table I) , of which 838 specimens were taken for further analyses (397 females and 441 males). Out of 838 crayfish, 272 were recaptured (32.5% of the analysed population). The sex ratio fluctuated seasonally at both localities with an overall sex ratio in Ani a luka of 1:1.1 (females:males), and 1:0.81 in Hrast.
The χ² test indicated a statistically significant difference from Poisson distribution for the research periods of 6 nights and 4 nights, respectively (χ² (6 nights) = 142.30, df = 30; χ² (4 nights) = 126.20, df = 50; p < 0.01). Afterwards, a dispersion coefficient (CD) was calculated for both research periods. As both coefficients were larger than 1, the dispersion coefficient indicated grouped or aggregated distribution. Aggregated distribution was confirmed by Morisita's index of dispersion and the standardised Morisita's index as well (Table II) . Also, we examined crayfish distribution over 4 nights at each locality. For Ani a luka the CD was 1.771 (χ² = 56.676, df = 32, p < 0.01), while for Hrast it was 3.319 (χ² = 72.012, df = 22, p < 0.01).
To determine home range we used only 30 crayfish that fitted the postulated definition (see Material and methods). The calculated mean home range was 19.03 m, which, multiplied by the average stream width of 3.36 m, gave an average surface area of 63.94 m² covered by a crayfish. We did not find a statistically significant difference in home range between the sexes (t = -0.499; df = 28, p = 0.621). Descriptive statistical analyses of the total distance travelled and mean daily movement at the examined localities are presented in Table III , and in Figures 2 to 5. There was no statistically significant difference between the localities, or crayfish sex or size (TL) in total distance travelled or mean daily movement (sex -total distance travelled: t = 0.266, df = 126, p = 0.791; locality -total distance travelled: t = 0.948, df = 126, p = 0.345; crayfish size -total distance travelled: t = 0.850, df = 3, p = 0.457; sex -mean daily movement: t = 1.083, df = 91, p = 0.282; locality -mean daily movement: t = 1.164, df = 91, p = 0.247, crayfish size -mean daily movement: t = -1.741, df = 2, p = 0.224). A significant statistical difference was found in size between the sexes (t = 3.644, df = 124, p = 0.0004), and the female to male ratio between localities (t = -3.299, df =124, p = 0.001).
For each locality, crayfish size was correlated with movement variables (total distance travelled and mean daily movement) using the nonparametric Spearman Rank correlation test. No significance was found. In Ani a luka, a significant difference in total length between the sexes was recorded (U = 370.500, Z = 2.353, P < 0.05), while in Hrast there was no statistically significant difference (U = 59, Z = 1.033, P > 0.05). When possible, we recorded movement direction. Upstream movement was more frequently recorded at both localities. There was no statistically significant difference in measured variables (sex, total distance travelled and mean daily movement) for movement direction. However, the difference between crayfish size in the movement direction was statistically significant 
DISCUSSION
Since there are only a few papers describing movement patterns of a relatively small number of native crayfish species (Gherardi et al., 1998; Acquistapace and Gherardi, 1999 ; Barbaresi Number of obsevations Robinson et al., 2000) , especially Astacus astacus (Bohl, 1999; Schütze et al., 1999) , our study aimed to incorporate as many individuals as possible in order to get a better understanding of the spatial behaviour of noble crayfish. The chosen mark-recapture approach and trapping method (LiNi traps of specific mesh size) yielded 838 specimens for spatial analyses, out of 1144 captured crayfish altogether. The sex ratio fluctuated seasonally, with an overall sex ratio of 1:1.1 and 1:0.81 (females:males) in Ani a luka and Hrast, respectively. Differences in sex ratios over seasons can mainly be attributed to differences in the activity pattern of males and females (Westin and Gydemo, 1989) . In the research by Brown and Bowler (1977) on Austropotamobius pallipes, and Luci (2004) and Faller (2006) on Astacus astacus, there was always a higher number of trapped males than females, regardless of the season. In our research we found no statistically significant difference in the number of trapped males and females, which corresponds to the results obtained by Skurdal et al. (1992) . We recorded a significant difference in crayfish size (total length) between the sexes. Males were slightly larger than females, probably due to sexual dimorphism (Abrahamsson, 1966; Skurdal and Taugbøl, 2002) . The distribution of crayfish belonged, as expected, to grouped/aggregated distribution. The presence of crayfish, among the other factors, is strongly dependent on the structure of the stream bottom (Niemi, 1977; Bohl, 1987; Laurent, 1988; Foster, 1995; Byrne et al., 1999) . Benthic substrate composition strongly influences spatial distribution of noble crayfish (Odelström, 1988; Skurdal et al., 1988; Skurdal and Taugbøl, 2002) , therefore populations of higher density can be observed in places with greater morphometrical and structural variability of the substrate (Bohl, 1997) . As the bed of the Velika Paklenica Stream is mostly unfavourable for noble crayfish, with predominantly large limestone rocks and fast current, localities with slower current, and sand and leaf deposits are the most densely populated. Higher values of the dispersion coefficient in Hrast indicate higher patchiness at this locality in terms of favourable habitat availability. Spatial analyses were performed under the assumption of linearity. Although this does not reflect the real movement pattern since data gathering performed by the mark-recapture method is not continuous, it is a good approximation of movement and spatial distribution. Radio-telemetry has the advantage of studying movement in a continuum without disturbance and provides finer-scale information than mark-recapture techniques (Bubb et al., 2002) . However, only a small number of individuals can be analysed due to the high costs of the equipment (Bohl, 1999; Schütze et al., 1999) , which is one of the major drawbacks of this method. Therefore, a combination of both methods, as applied by Robinson et al. (2000) on ranging behaviour of the white-clawed crayfish Austropotamobius pallipes, would be optimal for studying spatial ecology of crayfish. The home range of 19.03 m recorded in our study corresponds to literature data suggesting that, when food is abundant, the majority of crayfish (approximately 82%) can be found within 25 m from their hiding places (Cukerzis, 1988) . We did not find any significant difference in the home range between the sexes, although Cukerzis (1988) and Bohl (1999) showed a higher average home range in males. Differences between the sexes in the home range were also not found for signal crayfish (Bubb et al., 2002; 2004) . The average surface area calculated from the home range is a valuable parameter when studying populations of the same species in different environments (rivers of different width) (Bubb et al., 2002) A considerable individual variation in movement (both total distance travelled and mean daily movement) was observed at both localities. In Ani a luka, the mean values of total distance travelled and mean daily movement were 15.3 m and 7.6 m, respectively. In Hrast, the values were 12.7 m and 5.2 m, respectively. Bohl (1999) showed that small movement ranges were typical of crayfish accustomed to their familiar place. The majority of observed total distances travelled were within the range of 30 m at both localities, while a relatively small proportion of animals covered greater distances, up to 73. with 71 m per night in Ani a luka. Hrast is situated in the upper part of the stream, with higher variation in terrain slope and current velocity, and a higher proportion of limestone rocks in the substrate. These conditions probably influence the range of crayfish movement, although not significantly (no significant difference between localities was found for total distance travelled or mean daily movement). Neither crayfish size nor sex significantly influenced their movement (total distance travelled and mean daily movement). As far as the authors are aware, no comparable data exist on these analyses for noble crayfish by other authors. However, a relatively large amount of data can be found on invasive crayfish distribution and movement patterns. Bubb et al. (2002; 2004; 2006a) obtained similar results to ours for the relationship between signal crayfish size and movement, while research on Pacifastacus leniusculus by Guan and Wiles (1997) , and Light (2003) , and research on Procambarus clarkii by Gherardi et al. (2002) showed the opposite. Furthermore, no significant influence of sex on crayfish movement was established in the studies on signal crayfish (Bubb et al., 2002; 2004) , and on red swamp crayfish (Gherardi et al., 2000; 2002) , while the opposite was reported in the work by Light (2003) . Both upstream and downstream movements were recorded with no significant difference between directions -although upstream movements were more frequently recorded at both localities. The same was recorded in the work by Bubb et al. (2006a) , Momot (1966) and Light (2003) , while in the work by Guan and Wiles (1997) , and Gherardi et al. (1998) (Taylor, 1983) . Total distance travelled and mean daily movement did not differ significantly between upstream and downstream directions. It was observed that larger specimens were moving downstream more often. We would expect that the crayfish size is positively correlated with the capacity for upstream movement, e.g. movement against flow. However, it is possible that higher drag associated with large body size results in a tendency for larger specimens to move downstream, as downstream movements are energetically less demanding (Robinson et al., 2000; Light, 2003) . Crayfish captured repetitively in the same trap accounted for 5.45% of the analysed population in Ani a and 11.11% in Hrast. The sex ratios for these recaptures were equal and their average size was 10.10 cm and 9.49 cm, for males and females, respectively. Noble crayfish females reach sexual maturity at a size that ranges from 6.2 cm total length in localities with early maturity or slow growth to 8.5 cm total length in localities with late maturity or fast growth. Males become sexually mature at a size of 6.0-7.0 cm total length (Skurdal and Taugbøl, 2002) . Therefore, recaptures in our research were mostly mature specimens that did not move far away from their shelters, which corresponds to the finding by Cukerzis (1988) that females and old males stay close to their burrows.
CONCLUSION
For the first time data on spatio-temporal behaviour are presented for the noble crayfish in natural populations using the mark-recapture method, and based upon a relatively large number of individuals. The data showed aggregated distribution patterns of the crayfish population in the researched habitat and considerable individual variation in movement, and confirmed that movement patterns are not size-or sex-dependent. Although not statistically é c é c é c significant, the upstream movement tendency was observed more frequently in our research. Observed movement patterns in the Velika Paklenica population, coupled with other traits, such as fecundity, growth and abiotic tolerances, can give complete information of population persistence in a relatively unfavourable habitat.
